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A detailed study of the crystallization process for compositions near BiaSraCaiQ^CVy
was undertaken using differential thermal analysis (DTA), transmission and scanning
electron microscopy (TEM and SEM), and x-ray diffraction (XRD). Glasses prepared
by a splat-quench technique were free of secondary phases in most cases. A two-step
crystallization process in oxygen was observed in which partial crystallization of
the glass occurs initially with the nucleation of "2201" and Cu2O, and is completed
with the formation of SrO, CaO, and Bi2Sr3^Cax0>,. No specific thermal event could
be associated with the formation of the "2212" phase. Rather, formation occurs via
conversion of 2201 into 2212. This was a kinetically limited process at temperatures
below 800 °C as other phases were found to evolve in addition to the 2212 phase
during extended anneals. In contrast, a nearly full conversion to the 2212 phase occurred
after only 1 min of annealing at 800 °C and above. However, changes in resistivity
data, secondary phases, and the measured 2212 composition upon extended anneals at
865 °C showed that considerably longer heat treatments were necessary for the sample
to reach its equilibrium state.
I. INTRODUCTION
Crystallization from the amorphous state has
successfully been used for producing high-temperature
superconducting phases in the B i - S r - C a - C u - 0 sys-
tem. Examples include thin films, fibers, and bulk
forms.1"3 In general, each of the three superconducting
phases in the B i - S r - C a - C u - 0 system45 is described
by the formula Bi2Sr2Ca,I_1Cu,,OA: where n represents
the number of CuO2 planes. Although considerable solid
solution ranges have been reported,6'7 these phases are
generally referred to as "2201", "2212", and "2223",
having approximate transition temperatures of 15 K,
85 K, and 110 K, respectively. In the case of 2212, a
more representative expression of the ideal composition
may be Bi2(Sr,Ca)3Cu20y.8
Materials processed through crystallization from the
amorphous state are often referred to as glass-ceramics.
Crystal growth is intended to proceed entirely from the
amorphous phase although crystallization often occurs
via one or more metastable phases before final conver-
sion to the equilibrium state.9 The relative amounts of
glass and crystalline materials, mechanical integrity, and
microstructure can be controlled by a closely regulated
heat treatment. However, in the case of superconducting
materials, a completion of the crystallization process is
required as the presence of glassy or intermediate phases
could adversely affect superconducting properties. In this
sense, the final product is purely ceramic.
In principle, a fully dense sample that is homoge-
neous on the atomic level can be obtained by glass for-
mation. Various methods for producing the glassy state
in the B i - S r - C a - C u - 0 system have been employed.
Methods with high quench rates (105-107 K/s) have
included splat-quenching10 and twin-roller quenching.11
These and other comparable methods generally produce
completely or nearly amorphous material with thick-
nesses ranging from several hundred to a few tens of
microns. Methods with slower quench rates (<103 K/s)
such as pressing between metal plates can be used
to produce glassy material, but often with significant
amounts of one or more crystalline phases.12 Conversion
of these materials to a superconducting phase requires
an understanding of the crystallization process in order
to maximize the superconducting properties while con-
trolling the microstructure and phase assemblage. While
glassy material can be made for a substantial range of
compositions in this system,9 only those close to the
2212 stoichiometry will be discussed in this paper.
Several groups have investigated various aspects of
crystallization of the 2212 and 2223 phases from the
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amorphous state.9'10'1317 Typically, the glassy state was
identified by a diffuse halo in x-ray diffraction. Differen-
tial thermal analysis (DTA) was used to identify a glass
transition and one or more crystallization exotherms.
Although the properties of the glass are dependent upon
the quenching rate, several general characteristics of the
crystallization process from DTA are evident: (1) a glass
transition is generally noted around 400 °C; (2) one
or more crystallization exotherms have been observed
starting around 450 °C; (3) a small endotherm is some-
times observed around 700 °C while the main melting
events occur between 850 °C and 900 °C. Most of these
studies found the low Tc phase Bi2(SrCa)2Cu10>, (2201)
to crystallize first. One exception is the work by Ibara
et al.11 which suggested the first crystallization product
to be (Sr, Ca)3Cu50r However, short anneals of 10 min
or less in which oxygen uptake is limited were not used
in these studies to investigate the crystallization process.
Oxygen deficiencies, as noted by Nassau et al.,
in these quenched glasses can be expected to affect
phase formation.11 It is generally known that the high-Jc
superconducting phases are not observed to form in the
absence of O2. As a consequence, information regard-
ing intermediate phase formation may be missed with
extended anneals. In this study, both short and extended
anneals were employed to determine the crystallization
process for glasses around the 2212 stoichiometry. Short
anneals were found to be crucial in determining inter-
mediate phase formation during conversion of the glassy
material into the 2212 superconductor.
II. EXPERIMENTAL PROCEDURE
Amorphous samples were prepared by a splat-
quench technique similar to the process used by Hinks
et al.10 Several series of samples (Bi2+JCSr2CaiCu20y,
Bi2Sr2wCaiCu20j,, Bi2Sr2Ca1+JCCu2O>,, and Bi2Sr2Ca!-
Cu2+JCOy; x = 0.5, 0.2, 0, -0 .2 , and -0.5) were made
in which one element was systematically varied. High
purity (>99.99%) Bi2O3, SrCO3, CaCO3, and CuO were
weighed in the appropriate molar ratios and ground in
an alumina mortar and pestle. The powder was calcined
between 780 and 800 °C for 30 h with one intermediate
grinding. After a final grinding, it was placed in a
metallurgical grade alumina crucible and held for 45 min
at 1075 °C. The melt was then poured onto a stainless
steel plate heated to 200 °C and immediately quenched
from above with a large Cu anvil.
Temperatures of thermal events for amorphous or
annealed samples were determined by DTA using a
Perkin-Elmer 1700 system. Approximately 40 mg of
freshly ground powder was heated and cooled at a rate
of 10 °C/min in zero-grade O2 or Ar with a gas flow
of 50 cc/min. DTA temperatures were checked against
reference materials SrCO3 and SiO2 and found to be
within ±3 °C of accepted values. Both the extrapo-
lated onset and peak temperatures are reported. Baseline
changes are given in terms of onset and midpoint values.
Thermogravimetric analysis (TGA) of oxygen uptake
was performed on approximately 80 mg of material
using a Perkin-Elmer TGA 7 system with a heating rate
of 2 °C/min in O2. Heat treatments of samples were
carried out in sealed quartz tube furnaces with oxygen
or argon flow rates of 50 cc/min. Anneal times ranged
from 1 min up to 1000 h at temperatures from 475 °C to
865 °C. Major phases were identified by powder x-ray
diffraction (XRD). Scanning electron microscopy (SEM)
was used for general microstructural and chemical (en-
ergy dispersive spectroscopy, EDS) information. Trans-
mission electron microscopy (TEM) was employed to
obtain additional microstructural information, determine
individual grain compositions, and identify phases by
electron diffraction and chemical analysis. TEM samples
were prepared by standard dimpling and ion-milling
techniques. Standards for quantitative analysis in the
SEM and TEM consisted of amorphous samples with a
composition of Bi2.24Sri.89Cai.o4Cu2.o2Oy determined by
an inductively coupled plasma technique (ICP). Both
SEM and TEM work on this standard revealed only
an amorphous matrix containing no secondary phases.
Measured compositions of each phase in this paper
are normalized to the number of cations, as reported
in the literature. Changes in superconducting properties
after various stages of the crystallization process were
monitored by a standard four-probe resistivity setup with
a lower temperature limit of 10 K.
III. EXPERIMENTAL RESULTS
A. Glass formation
As-quenched material typically had smooth surfaces,
a glossy-black appearance, and an average thickness
of 300 /xm with lateral dimensions as large as several
centimeters. Figure 1 contains a typical powder diffrac-
tion scan of glassy material used in this study. The
amorphous state can be inferred from the presence of
two broad peaks. Processing with alumina crucibles
introduced approximately 2 at. % or less Al into the
glass, as determined by ICP. Al was never found in any
of the superconducting phases nor was it observed to
form any other compounds in combination with copper.
Upon annealing at temperatures of 750 °C or above,
the Al was observed by TEM to have incorporated
into small S r - C a - A l - 0 particles located along some
of the grain boundaries. An approximate composition
of Al(Sr, Ca)2Oy was obtained by semiquantitative EDS
analysis. A reaction layer with the alumina crucible
consisting of a similar phase was also observed by
SEM analysis. Most glasses were found to be uniform
in composition with no apparent secondary phases as
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FIG. 1. An x-ray diffraction scan typical of glasses used in this study.
A small peak was sometimes observed around 33.1° that probably
corresponds to 2201.
determined by SEM and TEM. EDS measurements in
the SEM of a nominal 2212 glass revealed a composition
of Bi2.07Srt.8gCao.98Cu2.08Oj. The reaction layer with the
crucible is probably responsible for the small deficiencies
measured in the Sr, and, to a lesser extent, Ca contents.
X-ray diffraction sometimes detected a small peak at
33.1° (2201), as indicated in Fig. 1 although this phase
was never observed by TEM or SEM. The presence
of the 2201 may be the result of a small amount of
surface crystallization during the quench, as suggested
by DeGuire et al.ls Only samples with high Ca contents
(Bi2Sr2Ca;i:Cu2Oj,; x > 1.5) were found to have CaO as
a second phase.
B. Thermal analysis
DTA and TGA heating curves are shown in Fig. 2
with a listing of thermal events in Table I for a nominal
Bi2Sr2Ca1.2Cu2O>, stoichiometry. SEM/EDS measure-
ments of the glass matrix gave an overall composition
of Bi2.08Sr1.90CaL21Cu2.02Oy. The glass transition was
observed at 398 °C in Ar and 415 °C in O2. The two
crystallization exotherms at 488 °C and 519 °C in O2 are
replaced by one at 467 °C plus two smaller exotherms
at higher temperatures in Ar. In these studies, the sec-
ond exotherm in oxygen was always found to be the
strongest, in contrast to other studies which found the
first to be the strongest.10'11-13'17 It is difficult to ascribe
a particular reason for this. Several factors such as
starting compositions, quenching techniques, or sample
preparation and conditions for DTA experiments can
I
"o
G
1 1 1 1 1 1 1 1 1 1 [
I
B2
|\
B l j ^
DTA Ar
+ 10°C/min
i i i t l
i i i | i i i i | i
L3
A4
B3 B4
C2f
i i i | i i i i | i i i i
DTAO2
+10°C/min
A8
r-
A5 \J A7
A6
\ r
\\ B 6
B5
C4
^^- ^C3 C5
TGA 0 2
+2°C/min
t
G
O
MO
300 400 500 600 700 800 900 1000
Temperature (°C)
FIG. 2. DTA and TGA heating scans in oxygen and DTA heating
scan in Ar of a glass sample with a nominal starting composition of
Bi2Sr2Cai2Cu2(V Onset and peak values for the indicated thermal
events are listed in Table I.
account for differences among these works. During this
study, for example, grinding powders prior to DTA was
found to be essential for reproducibility.
Two smaller endotherms at 691 °C and 852 °C
precede the main melting event at 886 °C in oxygen.
Melting in argon is seen to occur at a much lower
temperature with an onset of 748 °C. The presence of
the second endotherm in Ar is questionable since no
comparable thermal event is seen in the cooling curve,
nor is it reproduced upon sequential DTA scans in Ar.
Most likely, it corresponds to a phase that normally
is stable in O2 and, in this case, forms during initial
crystallization in Ar with whatever oxygen is available
in the glass. Upon melting, the oxygen is lost and the
phase does not form on cooling.
TGA results indicate a substantial amount of oxygen
absorption takes place upon heating the glass in oxy-
gen. Although oxygen absorption starts near the glass
transition temperature observed in DTA, most occurs
between 600 °C and 700 °C. An uptake of 0.41 oxygen
per copper atoms was calculated assuming y = 8.2 for
the composition Bi2Sr2Cai.2Cu2Oy and full oxidation at
the peak in the TGA curve. An abrupt change in the
oxygen uptake was noted around 700 °C which is in
the temperature range of the first endotherm observed
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TABLE I. List of thermal events from '.
Differential thermal analysis
DTA and TGA for
Heating curve in O2
Thermal event Onset temperature
Al . Glass transition
A2. Exotherm
A3. Exotherm
A4. Endotherm
A5. Endotherm
A6. Endotherm
A7. Endotherm
A8. Baseline shift
Thermogravimetric analysis
Event
Cl. Start O2 absorption
415
488
519
691
852
886
922
934
C2. Change O2 absorption rate
C3. Stop O2 absorption
C4. Start O2 loss
C5. End experiment
°C
°C
°c
°c
°c
°c
°c
°c
the glass
Peak temperature
Temperature
420
700
790
830
850
°C
°C
°C
°C
°c
498
526
701
866
901
925
937
°C
°C
°C
°c
°c
°c
°c
sample with a nominal composition of Bi2Sr2Cai.2Cu2Oj,.
Thermal event
Bl . Glass transition
B2. Exotherm
B3. Exotherm
B4. Exotherm
B5. Endotherm
B6. Endotherm
Weight percent
100.00%
101.30%
101.47%
101.47%
101.39%
Heating curve in Ar
Onset temperature Peak
398 °C
467 °C
582 °C
645 °C
748 °C
815 °C
temperature
478
600
660
768
826
°C
°C
°c
°c
°c
by DTA. At 830 °C, the sample started to undergo a
weight loss which was continuous to 850 °C where the
experiment was stopped.
As a reference point for the crystallization study,
powder diffraction scans of B^S^Cai^G^Oj, samples
annealed at 750 °C in argon and 865 °C in oxygen for
25 and 100 h, respectively, are presented in Fig. 3. A
list of phases and phase compositions as determined by
XRD, SEM, and TEM for this particular composition
can be found in Table II. After the anneal at 750 °C
in Ar, Bi2Sr3_j:Caj:0>, and Cu2O were the main phases
identified by XRD using the rhombohedral indexing of
Roth et al.19 A small amount of another B i - S r - C a - 0
phase was present and compositional measurements in
the SEM suggested it to be similar to Bi2Sr2_j:CaA:Oy.19
The Ar anneal was limited to 25 h as the furnace tube
was observed to darken. Upon exposure to oxygen, the
film on the tube wall turned yellow, the color of Bi2O3.
However, Bi loss was not detected by either SEM/EDS
or ICP analysis and, thus, was assumed to be negligible.
Resistivity measurements showed the argon-annealed
sample to be semiconducting. No differences between
this sample and the glass were observed by DTA in Ar,
and the endotherm marked B5 in Fig. 2 is assigned to
the melting of Bi2Sr3_^Cax0>,. Melting of Bi2Sr3_A:Ca^O>,
around 750 °C in Ar seems to be related to an oxygen
deficiency, as Roth et al. reported a similar rhombo-
hedral Bi2Sr30y phase to melt incongruently in
air between 1200 °C and 1220 °C.19 In addition,
Bi2Sr3_j;CaxO>, was found to be stable in O2 at higher
temperatures for some compositions studied in this
system.20
For the oxygen annealed sample, almost all peaks
in the x-ray scan could be indexed to the 2212 phase.21
Small amounts of Sri^Ca^Cu^O and SrO were found
by SEM and TEM analysis.22 Zero-resistance (7R=O) for
this sample was measured at 72 K. DTA in O2 of this
sample did not detect the lower two endotherms around
700 °C and 860 °C noted earlier for the amorphous
sample. Therefore, melting of the 2212 phase is asso-
ciated with the endotherm marked A6 in Fig. 2 with an
extrapolated onset temperature of 886 °C.
Finally, DTA scans shown in Fig. 4 for the series
Bi2Sr2Ca,+xCu2Oy (x = 0.5, 0.2, 0, -0 .2 , and -0.5)
indicate that the crystallization process in O2 is the same
for all compositions around the 2212 stoichiometry.
Variations in peak intensities and onset temperatures can
be attributed to changes in the starting compositions.
With increasing Ca, the two crystallization exotherms
labeled 1 and 2 move closer together and slightly upward
in temperature with a shift in intensity to peak 2.
Differences in onset temperatures and intensities can be
seen for the endotherms labeled 3, 4, and 5 in Fig. 4. As
will be shown below, these endotherms are associated
with the melting of a B ^ S ^ C a ^ phase, 2201, and
2212, respectively. The shift in intensity from endotherm
5 to 4 can be correlated with previous work on this same
series of compositions in which greater amounts of 2201
were found in the final equilibrium phase assemblage as
the starting Ca content was decreased.20
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composition. Powder diffraction scans of the 1-min
anneal series can be found in Fig. 5. Various phases
have been marked to note their presence as a function
of temperature. Figure 6 contains TEM micrographs and
selected area diffraction patterns (SAD) for the anneals
at 475 °C, 500 °C, and 550 °C.
1. 475 °C and 500 °C, 1 min
For the sample annealed at 475 °C, XRD and SAD
revealed only broad, diffuse rings, as seen in Figs. 5 and
6(a). However, small crystallites with a lattice spacing
of 12 A were observed in the bright-field (BF) image,
many of which contained intergrowths of a 15 A phase.
Several broad peaks are evident in XRD from the sample
annealed at 500 °C and can be indexed to 2201 and
Cu2O. TEM analysis revealed only the crystallites and
Cu2O, as shown in Fig. 6(b). Hence, the crystallites
and intergrowths probably correspond to the 2201 and
2212 phases, respectively, since 12 A and 15 A are
approximately one-half of the c-axis repeat distance for
each phase. Figure 7 shows a typical 2201 crystallite
with several 2212 intergrowths from a sample annealed
at 500 °C. Not all of the material had crystallized at this
point as convergent beam electron diffraction (CBED)
revealed a significant amount of amorphous material
surrounding the Cu2O and 2201 crystallites. This was
also confirmed by SAD which showed ring patterns from
the 2201 and Cu2O phases superimposed upon a broad
diffuse halo.
2. 550 °C, 1 min
The addition of a Bi2Sr3_xCax0y phase to those
already present was noted by x-ray diffraction. The
1
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FIG. 3. XRD scans of a nominal Bi2Sr2Cai.2Cu2O>, glass heat treated
in oxygen at 865 °C for 100 h and Ar at 750 °C for 25 h. The symbols
associated with each of the phases are as follows: (+) 2212, (o) 2201,
and (x) Bi2Sr3_xCax0J.
C. Crystallization
Phase formation associated with the crystallization
process as recorded by DTA was investigated using a
series of 1-min anneals at temperatures from 475 °C
to 865 °C. Samples were heated at a rate of 10 °C
per min, held for 1 min, and then quenched in air.
The results presented here are for the Bi2Sr2Ca12Cu2Oy
TABLE II. List of average compositions for phases found in a nominal Bi2Sr2Cai.2Cu2Oj, sample after various anneals as discussed in the text.
The measured compositions for all elements are listed. The compositions for the 2212 phase are an average of at least ten separate grain measure-
ments. All other phases are an average of at least five separate grains. For phases not easily measured by TEM, SEM results have been substituted
as indicated.
Anneal Phases and composition
As-quenched
650 °C in O2 for 1 min
650 °C in O2 for 100 h
750 °C in O2 for 1 min
750 °C in O2 for 100 h
750 °C in Ar for 25 h
800 °C in O2 for 1 min
865 °C in O2 for 1 min
865 °C in O2 for 25 h
865 °C in O2 for 100 h
Amorphous Bi2.0sSr1.90Ca121Cu2.02Oy (SEM)
Amorphous Bi2.05Sr1.g6Ca1.26Cu2.03Oj, (TEM)
Bi2.24Sri.97Ca1.02Cu1.77Oj,, Bi1.87Sr1.38Cai.4iCuo.340>, CuO/Cu2O, SrO (TEM)
Bi2.39Sr1.ggCao.94Cu1.79Oj,, Bio.90Sro.92Ca2.01Cuo.17Oj,, Bi1.67Sr1.51Ca1.56Cuo.27Oj,,
Bio.04Sro.08Cao.s9Cuo.97Oj,, CuO, SrO (TEM)
Bi2.i8Sr1.77Ca1.nCu1.93Oj,, CuO, SrO (TEM)
Bi2.17Sr1.72Cau9Cm.93Oj,, Bio.05Sro.10Cao.g2Cu1.03Oj,, CuO, SrO (TEM)
Bi2.ooSr1.64Ca1.19Cuo.17Oj,, Cu2O, Bi2.13Sr1.10Cao.73Cuo.04Oj, (SEM)
Bi2.19Sr1.75Ca1.17On.88Oj,, CuO, SrO, Bio.04Sro.10Cao.s2Cu1.03Oj, (TEM)
Bi2.13SrL64Ca1.27Cu1.96Oj,, CuO, SrO (TEM)
Bi2.i2Sri.69Cai.2iCuL98Oj,, CuO, SrO (TEM) Bio.37Sr5.62Cas.28Cu23.74Oj, (SEM)
Bi2.10Sr1.72Ca1.20Cu1.99Oj,, SrO (TEM) Bio.44Sr6.06Ca8.24Cu23.25Oj, (SEM)
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FIG. 4. DTA heating curves in oxygen for the series of samples
Bi2Sr2Cai«Cu20^ (x = 0.5, 0.2, 0, -0.2, and -0.5). See text for
additional details.
Bi2Sr3_xCa^Oj, phase can be distinguished from 2201
and 2212 by a peak at 42.4°, as shown in Fig. 3. In
addition, some CaO and a significant amount of SrO
were also observed by TEM. Both BF and SAD shown
in Fig. 6(c) indicate a larger degree of crystallization. For
example, this SAD pattern does not show the broad halos
like those present in SAD from the samples annealed at
475 °C and 500 °C.
Except for a surface layer, SEM examination did
not reveal any differences in the microstructure among
this sample, the lower temperature anneals, and the
as-quenched material. This surface layer, as shown in
Fig. 8, was observed in most of the samples examined
in the SEM regardless of heat treatment. Further experi-
ments revealed this layer to result from a reaction with
the silver epoxy used to mount the samples for polishing.
EDS analysis showed this layer to be depleted of Cu.
3. 650 °C, 1 min
At this point, XRD detected the presence of 2212
which was confirmed by TEM analysis, although most of
the grains had multiple intergrowths of the 2201 phase.
TEM/EDS measurements listed in Table II show the
average composition of the 2212 phase to be Bi-rich and
Cu-deficient, consistent with the observed number of in-
tergrowths. No grains measured by compositional analy-
sis in the TEM could be considered purely 2201 or 2212.
Z3
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©
20 25 30 35 40 45 50
Two Theta
FIG. 5. XRD scans of the 1-min anneals in the temperature range
of 475 °C to 865 °C. The symbols associated with each phase
are as follows: (+) 2212, (o) 2201, (x) Bi2Sr3_xCaxOy, (f) CuO, and
C) Cu2O.
Also apparent from the XRD scan in Fig. 5 is a sharp-
ening of x-ray diffraction peaks from Bi2Sr3_j:CaJ:0>,, the
presence of Cu2O, and some reflections corresponding
to CuO. Grain sizes were generally less than 0.5 fim, as
shown in Fig. 9(a). SEM analysis on this same sample
could distinguish only the reaction layer shown in Fig. 8.
The rest of the sample appeared featureless, as seen in
Fig. 10(a).
4. 750 °C, 1 min
After this anneal, considerably more of the 2212
phase was found by XRD along with small amounts of
2201 and CuO. Grains of the 2212 phase were much
larger and clearly defined compared to the sample an-
nealed at 650 °C although a few regions of 2201 could
still be found, as marked in Fig. 9(b). At this point, small
Al-containing particles with an approximate composition
of Al(Sr, Ca)2Oy and located primarily along some of the
grain boundaries could be found in TEM micrographs.
In addition, the Bi2Sr3_;cCax0>, phase was not detected by
XRD or TEM analysis. Partial melting in the interior of
the sample seems to have occurred, as suggested by the
layered microstructure of SrO particles observed in the
SEM. This layered structure is present for all the 1-min
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FIG. 6. TEM bright field and SAD patterns for the 1-min anneals at (a) 475 °C, (b) 500 °C, and (c) 550 °C.
anneals above 750 °C, as shown in Fig. 10. The presence
of a liquid would help explain the large difference in
microstructure observed in the TEM and SEM between
the samples annealed for 1 min at 650 °C and 750 °C.
Partial melting is consistent with DTA results which
show the oxygen-deficient Bi2Sr3_A:CaA:0), phase to melt
in Ar at 750 °C. Since Cu2O was still present at 650 °C
after 1 min in oxygen, it is reasonable to assume that the
interior of the sample is still oxygen deficient. Hence,
endotherm A4 in Fig. 2 corresponds to melting of the
Bi2Sr3_;cCa;cO>, phase. The lower onset temperature of ap-
proximately 690 °C is most likely a compositional effect.
5. 800 °C and 865 °C, 1 min
The 2212 phase was found as the major phase for
samples annealed at 800 °C and 865 °C. Relative peak
intensities for the sample annealed at 865 °C are similar
to those shown in Fig. 4 for the sample annealed for
100 h. XRD also showed the amounts of 2201 and CuO
to diminish. Since 2201 was the only other phase found
above 800 °C, besides SrO and CuO, the endotherm
labeled A5 in Fig. 2 is associated with the melting
of the 2201 phase. TEM micrographs in Fig. 9 show
very little change in grain size of 2212 phase between
the samples annealed for 1 min at 750 °C and 865 °C.
However, more subtle changes occurred as the average
composition of the 2212 phase listed in Table II was
found to approach the ideal ratios for Bi, Sr + Ca, and
Cu with increasing anneal temperatures. The results of
these compositional changes are apparent in the SEM
micrographs of Fig. 10. The large CuO grains and many
smaller SrO particles seen in the sample annealed at
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5 nm
FIG. 7. Lattice image of a 2201 crystallite from the 1-min anneal at
500 °C. Intergrowths of a 15 A phase are marked. 12 A and 15 A are
approximately one-half of the repeat distance along the c-axis for the
2201 and 2212 phases, respectively, while the lattice fringes marked
as 2.8 A probably correspond to [200] or [020] planes of 2201.
750 °C are present in these samples also, but are fewer
and reduced in size.
Resistivity measurements on the three samples an-
nealed at 475 °C, 500 °C, and 550 °C found them to
be semiconducting with no signs of a superconducting
transition. Resistivity curves for the samples annealed for
1 min at 650 °C and above are shown in Fig. 11. All of
these samples showed a semiconducting behavior in the
normal state. Samples annealed at 750 °C and 800 °C
showed a small transition around 90 K and a larger
downward trend starting around 40 K. Zero resistance
(TR = 0) values could not be measured below the 10 K
limit of the cooling system. The sample annealed at
FIG. 8. Backscattered electron micrograph of a cross section from a
sample annealed at 650 °C for 1 min in oxygen showing the reaction
layer between the sample and silver epoxy.
865 °C for 1 min had a broad, single transition starting
around 90 K with TR = 0 at 26 K.
D. Isothermal anneals
Phase formation was also studied as a function of
time by several isothermal anneals at 550 °C, 650 °C,
750 °C, 800 °C, and 865 °C in O2.
1. 550 °C
As shown in Fig. 12, XRD did not detect the forma-
tion of 2212 even after 1000 h of annealing time. Peak
widths from x-ray diffraction and grain sizes as observed
in the TEM were similar for both samples annealed
for 1 min and 1000 h. With extended anneals, Cu2O
converts to CuO and the Bi2Sr3_xCaxOy phase disappears.
However, the phases to which Bi2Sr3_A:Caj:0y converted
could not be accurately determined. Resistivity measure-
ments for all anneals at 550 °C showed a semiconducting
behavior with no indication of a superconducting tran-
sition down to 10 K.
2. 650 °C
Shown in Fig. 13 are x-ray diffraction scans from
three samples annealed for 1 min, 10, and 100 h. XRD
peaks belonging to both 2201 and 2212 were observed
to increase with extended anneals. As shown in Fig. 14,
both of these phases could be found growing together
within the same grain. The average composition of these
grains from the sample annealed for 100 h reflected
the presence of these two separate phases. No single
measured grain composition was found to be purely
2201 or 2212. Cu2O and Bi2Sr3_xCaxOy were again found
to disappear with extended annealing times. However,
TEM analysis was needed to determine completely all
phases present since an unambiguous identification of
all XRD peaks was not possible. Counting 2201 and
2212 separately, eight phases were observed by TEM in
the sample annealed for 100 h. Measured compositions
of these phases can be found in Table II. CuO and
SrO were present in various amounts after the 100-h
anneal along with a CaCuO phase that was indexed
according to the orthorhombic subcell structure given
by Roth et al.23 B ^ S ^ C a . ^ was also found by TEM
analysis, but in much smaller amounts compared to
the 1-min anneal. A new phase with an approximate
composition of Bi2(SrCa2)2Oy seems to have formed at
the expense of Bi2Sr3^CaA:0>, and appears to be related
to a Sr6Bi20y phase reported by Roth et al.19 Additional
work is in progress to completely identify this phase. It is
probable that this same phase evolution is also occurring
at 550 °C, but at a slower rate.
3. 750 °C
Significant amounts of 2201 developed as a function
of time although not to the extent found during anneals
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FIG. 9. TEM bright-field images of the anneals at (a) 650 °C for 1 min, (b) 750 °C for 1 min, (c) 865 °C for 1 min, and (d) 865 °C for 100 h.
The small "white" particles seen in b-d along some of the grain boundaries are the Al(Sr, Ca^Oy phase. See text for additional details.
at 650 °C. XRD and TEM revealed the 2212 phase
to be the major phase although many of these grains
contained intergrowths and distinct regions of the 2201
phase. Small amounts of CaCuO, CuO, and SrO were
also identified by TEM.
4. 800 °C and 865 °C
2212 was observed to be the dominant phase in all
anneals by XRD, SEM, and TEM. The small amount
of 2201 observed by XRD after the 1-min anneals at
these temperatures disappeared with extended annealing
times. Resistivity data shown in Fig. 15 for the samples
annealed at 865 °C show a change from a semicon-
ducting to metallic behavior in the normal state and
a sharpening of the superconducting transition as the
annealing time increased. However, resistivity results for
the sample annealed for 100 h still show a rather broad
transition with an onset around 90 K and zero-resistance
at 72 K. Overall, SEM analysis on samples heat treated
at 865 °C showed a gradual disappearance of CuO
needles and the appearance of a Sr14^CaxCu24O>, phase
as the anneals were extended to 100 h. A backscattered
electron micrograph of a polished cross section from
the sample annealed for 25 h at 865 °C is shown in
Fig. 16. The large, dark needles are Sri4_x CaxCu24Oy
while the very fine black particles are SrO. On either
surface of the sample, a region of grain growth of the
2212 phase perpendicular to the surface was observed.
Grain sizes in this region were much larger than in
the middle sections of the sample, and it is separated
from the bulk of the sample by a layer consisting of
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FIG. 10. Cross-sectional backscattered electron micrographs from the samples annealed for 1 min in oxygen at (a) 650 °C, (b) 750 °C,
(c) 800 °C, and (d) 865 °C.
small grains of Sr14_xCaxCu24O), and voids. Within the
bulk of the sample, no noticeable change in grain size
of 2212 was observed by TEM between the samples
annealed for 1 min and 100 h at 865 °C. However,
compositional changes occurred as indicated by the
average composition of the 2212 phase determined for
all the samples annealed 865 °C. A gradual trend toward
the ideal Bi2(Sr, Ca)3Cu2Oy was observed with extended
anneals although the measured composition of the 2212
phase from the 100-h anneal at 865 °C was still slightly
Bi-rich, as shown in Table II.
E. 2212 stability
Due to the number of phases present at 650 °C after
100 h of annealing time, a simple test was undertaken
to determine the equilibrium phases at this temperature.
Pieces of the sample annealed at 865 °C for 100 h were
reannealed at 650 °C for 100 h. The initial sample, as
shown in Fig. 4, was almost completely single-phase
2212. After the anneal at 650 °C, no changes could be
detected by XRD indicating that 2212, once formed,
is quite stable and does not decompose at lower tem-
peratures into any of the phases observed during the
crystallization process.
IV. DISCUSSION
The aim of the present study was to investigate
the crystallization and low-temperature phase forma-
tion of compositions in the B i - S r - C a - C u - 0 system
close to the nominal 2212 stoichiometry. Accordingly,
no systematic study was undertaken to determine an
optimal heat-treatment schedule to maximize the super-
conducting properties. It was observed, however, that the
majority of the material could be converted to the 2212
phase at 800 °C and above after 1 min of annealing in
oxygen.
It is not surprising that glasses can be obtained
in this system given that Bi2O3 is a conditional glass
former.24 However, a better understanding of the glass
formation process in the B i - S r - C a - C u - O system can
be obtained from the standpoint of kinetics. On cooling
through the liquidus, there must be kinetic factors that
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FIG. 11. Resistivity curves for samples annealed for 1 min at 650 °C,
750 °C, 800 °C, and 865 °C.
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FIG. 12. XRD scans of several samples following extended anneals
at 550 °C. Symbols associated with the various phases are as follows:
(o) 2201, (x) Bi2Sr3_JCaJt0>, (f) CuO, and (*) Cu2O.
limit the crystallization process. For example, direct
crystallization of complex crystal structures is more
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FIG. 13. XRD scans of samples annealed at 650 °C for 1 min, 10,
and 100 h, respectively. Several peaks in the 100-h anneal could not
be clearly indexed. The phases are designated as follows: (+) 2212,
(o) 2201, (x) Bi2Sr3^CaxOj,, (f) CuO, and (*) Cu2O.
FIG. 14. Lattice image of a 2212 grain from the sample annealed at
650 °C for 100 h that actually is composed of regions of 2212 and
2201, as indicated. Also visible below the marked 2201 phase is a
region of alternating layers of 2212 and 2201 of various thicknesses.
difficult compared to simple, open structures. Another
consideration is the effect of the liquidus temperature.
A lowering of the liquidus corresponds to a decrease
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FIG. 15. Resistivity curves from the E^S^Ca^C^Oj, glass samples
annealed at 865 °C for 1 min, 25, and 100 h showing an improvement
in the superconducting transition with annealing time.
in the amount of energy available for breaking bonds in
the liquid necessary for crystallization to proceed.22 As a
consequence, compositions near a eutectic, for example,
are easier to form as a glass by a suitable quenching
technique. For the case at hand, similar effects occur due
to oxygen deficiencies since this results in a lowering of
the melting temperature.
From TGA experiments on the as-quenched mate-
rial, an uptake of 0.41 oxygen per copper atoms was
calculated. This is in general agreement with the value
of 0.44 found by Nassau et al.11 Based on this result,
\
• » . * . . •
/
• 100 urn
FIG. 16. Backscattered electron micrograph of a cross section of the
Bi2Sr2Cai.2Cu20y sample annealed for 25 h at 865 °C. The layer of
grain growth perpendicular to the surface is typical of these glasses
when heat treated at 800 °C and above.
it can be assumed that at the processing temperature
of 1075 °C used in this study, the melt is oxygen
deficient. It is generally known that the high-Jc phases
do not form in deficiencies of oxygen. None of the
superconducting phases was present, for example, in the
sample annealed in Ar at 750 °C. For comparison, a
large amount of 2212 was found in the sample annealed
for only 1 min in O2 at 750 °C. In a study by Bormann
and Nolting, the perovskite structure was found to be
dependent upon the stability of the Cu+2 state in the
C u - 0 planes.25 In this crystallization study, one of the
first phases to appear upon crystallization of the oxygen-
deficient glasses is Cu2O, indicating that the oxidation
state for a large amount of the Cu is in the +1 state.
In addition, DTA has shown that the absence of O2 has
a depressing effect upon the liquidus. Given the oxygen
deficiency in the melt, some undercooling of the 2212
phase can be expected during solidification. Polonka
et al. have observed such an undercooling of 2212 by
high-temperature x-ray studies of the melting and solid-
ification processes.26 Therefore, an oxygen deficiency in
melt inhibits formation of the superconducting phases
and lowers the liquidus, both of which create favorable
conditions for quenching in the amorphous state.
Almost all compositions around the 2212 stoichiom-
etry could be produced in glass form without significant
amounts of secondary phases using alumina crucibles,
although some Al contamination was found by ICP.
No Al was observed to substitute into the supercon-
ducting phases by TEM/EDS analysis. Impurity phases
that contained Al were found along some of the grain
boundaries, as described in Fig. 9. Their presence may
have restricted grain growth since no difference in grain
sizes can be seen between the 1-min and 100-h anneal at
865 °C. It is uncertain if the broad transitions and tails
seen in the resistivity measurements of Fig. 15 are the
result of these particles at the grain boundaries. The same
general distribution of S r - C a - A l - 0 particles was found
by TEM for both of the samples annealed for 1 min and
100 h at 865 °C. The main differences between these
anneals were in the types of impurity phases present
and the final composition of the superconducting phase,
suggesting that compositional changes were, to a large
extent, responsible for the improvement in resistivity
results.
The two exotherms that occur in the temperature
ranges of approximately 440 °C to 490 °C and 500 °C
to 520 °C were found to correspond to specific crys-
tallization events in O2 based on the results from the
1-min anneals. These can be written in their order of
occurrence as:
[A] -> Bi2(Sr, Ca)2CuOy + Cu2O + [B] (1)
[B] -> Bi2Sr3_a :CaK0a + SrO + CaO (2)
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where [A] is the original glass composition and [B]
is the resulting glass composition after the first crys-
tallization event. The composition of [B] could not be
accurately determined by TEM/EDS analysis. It might
differ from [A] in cation content, oxygen content, or,
more likely, a combination of the two. The amounts and
actual composition of each phase will be, in general,
dependent upon the starting composition. However, the
same general crystallization events were found to occur
for all compositions around the 2212 stoichiometry, as
illustrated in Fig. 4 by DTA and confirmed by x-ray
analysis of 1-min anneals. The initial crystallization
of 2201 is clearly illustrated in the TEM micrograph
of Fig. 6(a) and is in agreement with most works on
these glasses. The phase that has not been reported to
occur during initial crystallization is the oxygen-deficient
Bi2Sr3 ^Ca^O^. This phase was found to convert to other
phases upon extended anneals at 550 °C and 650 °C in
oxygen. Hence, this intermediate phase was probably
missed in other studies simply for a lack of short anneals.
No 2212 was ever found at 550 °C except as inter-
growths within the 2201 crystallites, even after 1000 h of
annealing. It is also interesting that apparently no grain
growth occurred during the 1000-h anneal for the 2201
phase as indicated by the broad peaks still present in
XRD scans of Fig. 12, an observation also noted by
Nassau et al.n This latter result is probably related to
the oxygen deficiency within the glass. 2201 nuclei form
with whatever oxygen can be taken from the surrounding
material. Further grain growth or conversion to the 2212
phase is limited by an oxygen deficiency surrounding
the nuclei, as indicated by the simultaneous formation of
Cu2O instead of CuO. Upon further heating, the second
crystallization of the residual glass between 500 °C
and 550 °C results in an oxygen-deficient Bi2Sr3_xCaA:0),
phase plus various amounts of SrO and CaO. Hence,
five separate phases are present and continued formation
of the 2201 and possibly 2212 phases during extended
anneals at 550 °C is kinetically limited due to the low
temperature and the phase separation that occurred on
crystallization.
At 650 °C, XRD and TEM revealed the presence
of the 2212 phase in the sample annealed for 1 min
although no specific thermal event between 550 °C and
650 °C from DTA scans can be matched to this event.
Based on the results from the short and extended anneals,
formation of the 2212 phase appears to be a kinetically
limited process involving the conversion of the 2201
nuclei formed during the first stage of the crystallization
process. As shown in Fig. 14, grains of the 2212 phase
from the sample annealed for 100 h at 650 °C are ac-
tually a combination of both the 2212 and 2201 phases.
This mixed structure results due to a combination of
limited diffusion and the phase separation that occurred
during the earlier crystallization events. Since conver-
sion to the 2212 phase is a nonequilibrium process, the
presence of eight distinct phases after the 100-h anneal at
650 °C is not a violation of the phase rule. As growth of
the 2212 and 2201 phases proceeds at 650 °C, changes in
the composition of the surrounding material are accom-
modated by the formation of other phases. In this study,
for example, CaCuO and Bi2(SrCa2)2O>, were observed
to form upon extended anneals at 650 °C even though
they were not initial crystallization products. 2212 is the
stable phase at this temperature, as noted above.
Some authors have ascribed the small endotherms
that occur between 700 °C and 750 °C as the ther-
mal event(s) connected with the formation of the 2212
phase.13'14 Based on results from this study, the endo-
therm was found to be associated with the melting of
the oxygen-deficient B ^ S ^ C a ^ phase that formed
during the second crystallization event. Sample melting
was also encountered around 700 °C by Kramer et al.
during crystallization under pressure in oxygen of similar
glass samples.27 The large increase in the amount of
2212 between the samples annealed at 750 °C and
650 °C for 1 min is probably a result of liquid aided
diffusion. However, the formation of the 2212 phase
is still kinetically limited at 750 °C since 2201 and
CaCuO were still present after 100 h of annealing.
Only at 800 °C and above was the small amount of
2201 present after the 1-min anneals found to disappear
with extended anneals. As shown in Fig. 9, there is no
apparent difference in grain sizes between the samples
annealed for 1 min at 750 °C and 100 h at 865 °C. The
main differences are in the types of secondary phases
present and the average composition of the 2212 phase,
as indicated in Table II. As the temperature of the anneal
increased, the measured composition of the 2212 phase
tended toward the ideal Bi2(Sr, Ca)3Cu20y composition.
This trend was also observed for extended anneals at
865 °C, as depicted in Table II. Given the x-ray data, it is
clear that a majority of the sample had been converted to
the 2212 phase after only 1 min of annealing at 800 °C
and above. However, longer anneals were needed for the
sample to reach an equilibrium state and improve the
superconducting properties, as indicated by composition
measurements of the 2212 grains and resistivity results.
V. SUMMARY
A detailed crystallization study of compositions near
the 2212 stoichiometry was undertaken to determine
phase formation as a function of annealing temperature
and time in an oxygen environment. Crystallization was
found to be influenced by an oxygen deficiency present
in the as-quenched glass. The crystallization process
was found to occur in two steps with the formation
of 2201, Bi2Sr3_xCaA:O>,, and some simple oxides. The
Bi2Sr3_xCax0y phase resulting from the crystallization
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process converts to other phases upon annealing in
oxygen below 700 °C, and it melts during heating of
the glass around 700 °C. The 2212 phase evolves from
2201 nuclei that form during initial crystallization. Its
formation from 2201 below 800 °C was found to be
kinetically limited. In contrast, a majority of the sample
could be converted to the 2212 phase after only 1 min
of annealing in O2 at 800 °C and above for those com-
positions which form mostly 2212. However, extended
anneals at these higher temperatures were needed for
the system to reach its equilibrium state, as shown by
compositional measurements on individual grains and
changes in the secondary phases present.
ACKNOWLEDGMENTS
The authors would like to thank John Wagner (ANL)
for performing the TGA experiment and Ed Huff (ANL)
for the ICP work. The useful discussions with Matt
Kramer, Kevin Dennis, Bill McCallum, Alan Goldman,
and Douglas Finnemore (ISU and Ames Laboratory)
were also greatly appreciated. This work was supported
by the National Science Foundation (DMR 88-09854)
through the Science and Technology Center for Super-
conductivity and by the United States Department of
Energy, Division of Basic Energy Science, and the
Office of Energy Storage and Distribution (W-31-109-
ENG-38).
REFERENCES
1. J.H. Kang, R.T. Kampwirth, K.E. Gray, S. Marsh, and E.A.
Huff, Phys. Lett. 128, 102 (1988).
2. T. A. Miller, S. C. Sanders, J. E. Ostenson, D. K. Finnemore, S. E.
LeBeau, and J. Righi, Appl. Phys. Lett. 56 (6), 584-586 (1990).
3. T. Komatsu, R. Sato, C. Hirose, K. Matusita, and T. Yamashita,
Jpn. J. Appl. Phys. 27, L2293-2295 (1988).
4. C. Michel, M. Hervieu, M. M. Borel, A. Grandin, F. Deslandes,
J. Provost, and B. Raveau, Z. Phys. B 68, 421 (1987).
5. H. Maeda, Y. Tanaka, M. Fukutomi, and T. Asano, Jpn. J. Appl.
Phys. Lett. 27, L209 (1988).
6. B. Hong and T.O. Mason, J. Am. Ceram. Soc. 74, 1045-1052
(1991).
7. P. Majewski, B. Freilinger, B. Hettich, T. Popp, and K. Schulze,
presented at DGM Meeting, "High Temperature Superconductors
Materials Aspects", May 1990, in Garmisch-Partenkirchen, FRG.
8. G. S. Grader, E.M. Gyorgy, P.K. Gallagher, H.M. O'Bryan,
D. W. Johnson, Jr., S. Sunshine, S. M. Zahurak, S. Jin, and R. C.
Sherwood, Phys. Rev. B 38, 757-760 (1988).
9. P. W. McMillan, Glass-Ceramics (Academic Press, New York,
1964).
10. D.G. Hinks, L. Soderholm, D.W. Capone, II, B. Dabrowski,
A. W. Mitchell, and D. Shi, Appl. Phys. Lett. 53, 423-425 (1988).
11. K. Nassau, A.E. Miller, E.M. Gyorgy, and T. Siegrist, J. Mater.
Res. 4, 1330-1338 (1989).
12. T. Komatsu, R. Sato, C. Hirose, K. Matusita, and T. Yamashita,
Jpn. J. Appl. Phys. 27, L2293-2295 (1988).
13. M. R. DeGuire, N.P. Bansal, and C.J. Kim, J. Am. Ceram. Soc.
73, 1165-1171 (1990).
14. T. Komatsu, R. Sato, K. Imai, K. Matusita, and T. Yamashita,
Jpn. J. Appl. Phys. 27, L550-552 (1988).
15. M. Yoshimura, T. H. Sung, Z. Nakagawa, and T. Nakamura, Jpn.
J. Appl. Phys. 27, L1877-1879 (1988).
16. H. Takei, M. Koike, H. Takeya, K. Suzuki, and M. Ichihara, Jpn.
J. Appl. Phys. 28, L1193^1196 (1989).
17. Y. Ibara, H. Nasu, T. Imura, and Y. Osaka, Jpn. J. Appl. Phys.
28, L37-40 (1989).
18. M.R. DeGuire, N.P. Bansal, and C.J. Kim, J. Am. Ceram. Soc.
73, 1165-1171 (1990).
19. R.S. Roth, C.J. Rawn, B.P. Burton, and F. Beech, J. Res. NIST
95, 300-336 (1990).
20. T. G. Holesinger, D. J. Miller, and L. S. Chumbley, presented at
spring meeting of TMS, New Orleans, LA (1991).
21. S.A. Sunshine, T. Siegrist, L.F. Schneemeyer, D.W. Murphy,
R.J. Cava, B. Batlogg, R. B. van Dover, R.M. Fleming, S.H.
Glarum, S. Nakahara, R. Farrow, J. J. Krajewski, S. M. Zahurak,
J.V. Waszczak, J.H. Marshall, P. Marsh, L.W. Rupp, Jr., and
W.F. Peck, Phys. Rev. B 38, 893-896 (1988).
22. T. Siegrist, L.F. Schneemeyer, S.A. Sunshine, J.V. Waszczak,
and R.S. Roth, Mater. Res. Bull. XXIII, 1429-1438 (1988).
23. R. S. Roth, C. J. Rawn, J. J. Ritter, and B. P. Burton, J. Am. Ceram.
Soc. 72, 1545-1549 (1989).
24. H. Rawson, Inorganic Glass-Forming Systems (Academic Press,
New York, 1967), p. 206.
25. R. Bormann and J. Nolting, Physica C 162-164, 81-83 (1989).
26. J. Polonka, M. Xu, A. I. Goldman, D. K. Finnemore, and Q. Li,
submitted J. Appl. Physics (1991).
27. M.J. Kramer, Iowa State University, private communication.
J. Mater. Res., Vol. 7, No. 7, Jul 1992 1671
